Abstract. This paper reports a non-linear analysis of a steel
INTRODUCTION
There are some reports about high-precision finite-element analysis of building structure investigating their dynamic response under seismic loadings. Miyamura et al. report that nonlinear behavior of shaking table test of a 4-story steel building can be replicated by using a fine meshed FE model with solid elements [1] . The authors also report about FE analysis examining a full-scale shaking table test of a 3-story steel structure that is the analytical target of this paper modeling mainly shell elements [2] , [3] . These reports conclude that FE models that are finely meshed to reproduce the entire shape of structures as precisely as possible can appropriately replicate non-linear behaviors of building structures under earthquake excitations.
However, there are few studies that try to predict fracture behavior of members may lead to fatal collapse of buildings by using finely meshed FE models of whole building structure. Above-referenced three reports [1] , [2] , [3] do not simulate fracture of members in their analytical procedures. In the referenced report [1] , the analytical target was the case wherein a collapse of the structure was observed because of not fracture but local buckling of the firststory columns. In the authors' previous report [3] , fracture of members is not predicted but a pseudo fractures are demonstrated by eliminating elements in areas wherein the fracture occurred actually in the experimental test.
In this study, FE-analysis with consideration of fracture using damage index as failure criterion is performed for the tested structure, wherein fracture of beam ends was observed. The analytical target is a full-scale shaking table test of a 3-story steel structure as in the previous study [3] . The accuracy of the prediction for fracture-occurring timing at the steel members and validity of responses obtained by numerical simulation are investigated.
OUTLINE OF ANALYTICAL TARGET FOR SIMULATING SHAKING TABLE TEST
The analytical target is a 3-story and 2-bay steel frame structure that was used for a full scale shaking table test in 2013 at E-defense [4] . During multiple seismic strong motion inputs in the shaking table test, fractures of beam ends of this frame structural specimen were observed.
The specimen for the shaking table test is shown in Figure 1 . Only the single frame on the center line in x-direction (line B in Figure 1 ) was a moment resistant frame. Columns on outside lines, which are shown as line A and C in Figure 1 , were provided with hinges at both their top and bottom ends not to be resist horizontal loads. The columns and beams were made of square-shaped tube and H-shaped steel, respectively. The reinforced concrete slabs were constructed on steel deck plates. From a series of performed cases in the experiments, the case wherein fracture at beam ends was observed was focused as analytical target case. The experiments were conducted using a seismic input motion, the NS-direction component of JR Takatori records of the Hyogoken-Nambu earthquake in 1995 (JR-Takatori) as shown in Figure 2and a synthetic input motion, Nankai-Trough earthquake (Nankai) which is artificially generated. Nine experimental cases were carried out with adjusted scale of the input motions. Input motions and scale factors of acceleration amplitude of each experimental case are listed in Table 1 3 ANALYTICAL MODEL
Finite Element Model and Computational Resources
The finite element model used in this study is elaborated to replicate adequately entire shape of the specimen assembling with over 2 million tiny elements, as shown in Figure 3 . Shell, solid and beam elements are used for steel members, for concrete parts and for reinforcement bars, headed stud and anchor bolts in the model, respectively. Contact condition was considered for adopting to parts that was actually in contact between separated members. The further modeling details are described in previous studies [3] , [4] . It is confirmed that natural periods obtained by eigenvalue analysis using this model agree with observed result of the actual specimen in the previous study [3] .
The dynamic explicit method based on the central difference method is adopted for the time integration scheme using FE analysis code LS-DYNA. The time steps used in the analysis are determined from the Courant condition with an initial time interval of 3.5×10 -6 second. The seismic wave, a set of sequencial waves JR-Takatori 60%, 80% and 100%, to input for has totally 80 seconds. The entire execution time for 80 seconds of time-history analyses is approximately 80 hours, using 504 cores of a supercomputer of the Institute for Information Management and Communication, Kyoto University in Japan. 
Analytical Cases and Seismic Input Motions
Two analytical case studies were performed for simulating the experimental test results. Targeted experimental case is the sequence No. 6 in Table 1 . wherein fracture at beam ends were observed in the actual specimen. In both analytical cases, 60 and 80% scales of JRTakatori (sequence No. 4 and 5) were included in input motions histories because non-linear behaviors were observed in the experimental cases after than the sequence no.4. Those two analytical cases are differentiated with or without considering fracture-operation in FE analysis. The case without considering fracture at beam endsis called Case-1 and the other case is called Case-2. Consideration of fracture in Case-2 is demonstrated in the analyses by eliminating damaged elements.
Fracture Criterion of FE Model
A damage index based on Manson-Coffin's law [5] and Miner's rule [6] is introduced as the failure criterion for Case-2. Manson-Coffin's law expresses the characteristics of lowcycle fatigue for steel material and it is represented as Eq. (1 (1) and (2) in accordance with Xue's study [7] . The material constants C and to determine m and ～ p,i in Eq.(3) were evaluated from comparison of a component-analysis with a component-experiment conducted before shaking table test [8] . 
Prediction of Fracture Behavior
The times timing of fracture at the beam ends of the 2nd floor obtained by the numerical simulation and observed in the experimental test are indicated on the time-history of the story drift of the 1st story in Figure 4 . In which, a story drift ratio is defined from the story drift per its story height. Time-history of the damage index DI calculated at elements for the beam ends are shown in Figure 5 .
As shown in Figure 4 , timings of the fracture of beam ends at 2nd floor in the analysis much well to that of the experiment. The timings of fracture in the analysis delay only one cycle from the experimental results. As displaying in Figure 5 , from the beginning part of the time-history analysis using JR-Takatori 100%, values of DI depicted 4 elements placing beam ends as Figure 5 have already reached close to 1.0. Although fully fractured beam ends were not observed before the experimental case applying JR-Takatori100%, some fine cracks were observed. Hence, it seems that the DI time-history can be correlated with the occurrence of cumulative damage in the experiment. It should be noted that any fracture of beam ends at 3rd floor did not occur in the analysis although it particularly occur in the experiment. 
Floor Responses
The time-histories of the story drift ratios and story shear forces are shown in Figure 6 and 7, respectively. Results obtained by the analysis of Case-2, in which the fracture at beam ends is considered, are more accurate than those obtained by Case-1. It is remarkably mentioned that the behaviors after 15s, when the fracture of beam ends at 2nd floor occurred in the experiment, can be consistently simulated in Case-2 while the analytical results of Case-1 produce much more errors from the experimental results. 
CONCLUSIONS
The non-linear analysis of steel structures, which is for examining by the shaking table test results at E-defense, is conducted considering its fracture. The analytical models are intended to replicate adequately entire shapes of the specimen assembling huge numbers of tiny elements. The damage index DI is introduced as the fracture criterion of steel members for FEM simulations. Elements whose damage index DI reaches 1.0 are eliminated to demonstrate fracture behavior in this study..
The timing of the first fracture of the beam end in the analysis mostly match well to that of the experiment and the damage index DI shows well correlation to occurence of cumulative damage in the specimen.
Considering fracture in FE analyses for the detailed model gives improvement of the accuracy of the analytical results for time-histories of story responses.
